Background: Nucleation-growth theory predicts that fast-folding peptide sequences fold to their native structure via structures in a transition-state ensemble that share a small number of native contacts (the folding nucleus). Experimental and theoretical studies of proteins suggest that residues participating in folding nuclei are conserved among homologs. We attempted to determine if this is true in proteins with highly diverged sequences but identical folds (superfamilies).
Introduction
Two major challenges in structural biology are the development and the testing of theories towards explaining kinetic and equilibrium aspects of protein folding and the prediction of three-dimensional structure from primary peptide sequences. A particularly perplexing problem is that of how highly divergent sequences fold to identical structures (superfamilies). Such cases occur at the point at which amino acid identity between sequences that fold to the same structure falls to or below 15% [1, 2] . Various strategies that use secondary structure prediction and 'threading' of these predicted regions of structure to known structures can be successful for predicting three-dimensional structures in limited cases, particularly when combined with sequence alignments and other structural or functional information [3] [4] [5] [6] . Such methods can obviously fail, however, if the secondary structure prediction is inaccurate or when a sequence is assigned to a structure having identical stretches of secondary structure elements and even having similar topology, but an incorrect overall fold. Also, it is not clear whether or not these methods can provide any insight into what elements of the primary sequences of two divergent proteins are important for specifying a unique fold.
Recent theoretical studies and protein engineering experiments have shown that small proteins that fold via simple two-state kinetics may form a transition-state 'nucleus' in which specific residues form native contacts; folding to the native structure then follows in a cooperative manner from this nucleus [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . This 'nucleation-growth' or 'nucleation-condensation' model for protein folding can predict both equilibrium and kinetic aspects of folding. It can also explain how it is that the integrity of certain positions in the sequence of a protein are crucial for fast folding of sequences (i.e. nucleus residues) whereas others are not [17] [18] [19] . A particularly important implication of nucleation-growth theory is that residues that participate in the transition-state nucleus are not necessarily associated with specific secondary structure elements nor are they necessarily of a particular type, such as hydrophobic residues that contribute to hydrophobic cores (which must be distinguished from the transition-state nucleus). Nucleation-growth theory would predict that the conservation of folds through evolution requires the maintenance of strong contacts between nucleus-forming residues, which may result in the conservation of these residues within each family; indeed this has turned out to be the case for a well-studied example of a protein that folds through a transition-state nucleus, chymotrypsin inhibitor 2 (CI2; [12, [20] [21] [22] [23] ). The transition state of CI2 has been studied extensively using protein engineering experiments and lattice and off-lattice computer simulations of designed sequences [12] . The protein engineering studies identified key residues involved in the transition-state nucleus and the simulations resulted in predictions of the key nucleus-forming residues identified in the experiments. Furthermore, it was shown that the conservation of nucleus residues in designed sequences also correlated with the conservation of residue identity or class in 23 sequences of naturally occurring CI2s. Other examples showing similar correlations have been observed for CheY (E. Shahknovich, unpublished observations; [18] ) and acyl-coenzyme binding protein (F. Poulsen, personal communication). If it could be demonstrated that this correlation can be extended to other proteins and specifically to protein superfamilies, it may be possible to develop a strategy to identify new superfamily members, to define other superfamilies and perhaps aid the design of proteins with specific folds. As a step in this direction, we have chosen to study the sequence design of a superfamily of small monomeric proteins that include ubiquitin and the p21 ras binding domain (RA) of the serine/ threonine kinase raf. We chose these proteins because they have identical folds (Figure 1a ,b; 1.46 Å root mean square deviation (rmsd) for backbone atoms of aligned residues), yet have only 10% sequence identity ( Figure 2 ). The structures of both proteins have been determined by both X-ray crystallography [24, 25] and NMR spectroscopy [26] [27] [28] , whereas the folding of ubiquitin has been studied extensively [29] [30] [31] [32] [33] [34] [35] [36] . Ubiquitin is a small (76 amino acids) very hydrophobic protein. It was shown that the formation of an intermediate in the folding of ubiquitin is temperature dependent [32] . Specifically, they showed that at 8°C ubiquitin folds via a two-state mechanism whereas at a higher temperature (25°C) it folds with a detectable early intermediate. Mutations were found, however, that resulted in apparent two-state kinetics of folding [33] . Although the existence of intermediates may potentially complicate the analysis of the transition state for folding, arguments have been presented [37] that show that in this case nucleation contacts may be partially formed in the early intermediate and hence the analysis of nucleation sites may reveal some structural features of burst intermediates [38] .
The functions of the raf RA domain and ubiquitin are completely different, except that they both provide recognition sites for association with other proteins. In the case of ubiquitin, its function is to become covalently attached via its C terminus to proteins destined for proteolysis by proteosomes [39] [40] [41] , whereas the raf RA domain binds to the GTP-loaded form of the oncogene GTPase ras in a process involving translocation of raf to the plasma membrane of cells and activation of the kinase activity by phosphorylation [42, 43] . There is extensive sequence information about ubiquitin and RA domains of other proteins. 33 sequences of ubiquitins from various species have been identified, as have putative RA domains of 23 proteins [5] . Of particular note in these studies is that the sequence identity among different RA domains is very low (17%). These results demonstrate that even among small proteins that are likely to have identical function and structure, there can be considerable divergence in sequences. Nevertheless, we immediately noticed a strong coincidence in residue positions that are highly conserved among these RA domains, raf RA, ubiquitin, and another superfamily member, ferredoxin 1. We propose that among these conserved sites, some may be involved in the formation of a folding nucleus. Here, we discuss a strategy to identify conserved residues that may contribute to the folding nucleus based on comparisons of protein superfamily sequences with simulated designed sequences.
Results
We began with the hypothesis that some fast-folding proteins fold via a transition-state nucleus consisting of residues that make native contacts in the folding transition state and form a unique structure around which the rest of the peptide folds to the unique native structure. We reasoned that proteins with identical folds, but highly diverged sequences (superfamilies) must nevertheless retain identity or near identity at sequence positions that participate in the nucleus. The goal then was to identify such positions by aligning the sequences of known members of a protein superfamily with related, but highly divergent, sequences of other proteins (those showing average sequence identities in the range 5-20%). It might seem more reasonable to use sequences of superfamily members that are closer in homology (> 30%) to the test sequences. The problem with this approach, as we show below, is that sequences that are too homologous will not reveal the limiting number of highly conserved positions that could represent those that participate in the nucleus. Even if the set of sequences we use to compare with the superfamily members are very different, however, it is also possible that positions would be conserved because of their involvement in stabilizing the native structure (we call these 'design' sites because of their importance in efforts to design proteins) or a common function of the proteins, such as binding or catalysis. Design sites are positions that could be important for, for example, the packing of the hydrophobic core, the formation of surface clusters that might stabilize the native structure, and residues involved in long-range interactions, such as salt bridges. The distinction between the design and the nucleus sites is that mutations in design sites should lead to an increase in the rate of unfolding because the native state is destabilized. Mutations in nucleation sites would simultaneously decrease both folding and unfolding rates as well as effecting populations of intermediates and destabilizing the native state. This is because mutations of nucleation sites will destabilize the transition state regardless of whether or not the protein is folding or unfolding.
How can we distinguish the conserved design or functional residues from folding-nucleus residues? What is needed is a set of comparison sequences that are neutral to functional conservation. It is not possible to imagine such sequences in nature, but it is possible to simulate them. We did this using the sequence-design strategy [44, 45] , a stochastic (MonteCarlo) optimization routine in sequence space in which residues are assigned to positions on the known three-dimensional structure of a protein with a probability determined by the effect of such a substitution on a total residue-contact potential for the entire protein.
Comparison of designed and natural sequences of a protein superfamily would allow us to distinguish the conservation of nucleus residues and design residues from those conserved for function. Another condition for nucleation growth is that residues that form the folding nucleus also contact each other in the native structure. Thus, it would be possible to distinguish nucleus residues from design residues based on this criterion.
The specific strategy we used to compare natural and designed sequences was as follows. First, we obtained a set of sequences related to the raf RA domain, but with a low sequence identity with raf RA. We were fortunate that a set of 23 sequences had already been identified [5] . Residue position entropies were calculated for ubiquitin and raf aligned with these sequences, as described in the Materials and methods section. Second, we performed sequence design simulations on ubiquitin and raf and calculated residue entropies at each position according to Equation 2 (see the Materials and methods section). Third, we compared design 
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Folding & Design
Sequence and secondary structure alignments for ubiquitin superfamily proteins (see the Materials and methods section). Alignments were based on DSSP assignments with minor visual modification as described (see the Materials and methods section). PDB codes for the corresponding proteins are indicated: 1ubi, ubiquitin; 1rfa, raf RA domain; 1frd, ferredoxin 1; 1alo, aldehyde oxidoreductase; 1put, putidaredoxin; 2qil-A, superantigen enterotoxin C2 from Staphylococcus aureus; 1se4, enterotoxin B superantigen from S. aureus; 1igd, immunoglobulin-binding domain of streptococcal protein G. Dark shaded positions, those with the potential to be residues involved in the folding nucleus; lightly shaded positions, sites where design and natural sequences show low entropy but are not potential nucleation sites. Secondary structure assignment is as in Kabsch and Sander [66] : h, α helix; e, β sheet; t, β turn; s, nonhydrogen-bonded bend structure; g, 3 10 helix.
entropy with sequence entropy for ubiquitin sequences to determine the sequence positions that showed low entropies in both cases. A position was defined as having a low entropy if the observed entropy fell below the average entropy observed for all sequences (assuming a Gaussian distribution). We observed that the majority of low-entropy sites lay below one standard deviation unit from the average. Finally, homologous sequence positions in ubiquitin and raf that showed a low entropy in design and RA sequence alignments and could be shown to make contact in the native structures of both proteins were flagged as potential folding-nucleation residues.
Correlation of conservation of residues in designed ubiquitin and raf sequences and RA domain sequences
The sequence alignment of ubiquitin and raf RA ( Figure 2 ) were based on a least-squares fit of the crystal structure of ubiquitin with the NMR-determined structure of the raf RA domain [25, 27] . For the NMR structure of RA we chose the first of 30 models deposited in the PDB (PDB code 1rfa) because all these structures already had low backbone rmsds within the secondary structure elements chosen for alignment (the rmsd for backbone Cα atoms was 0.61 Å and for all heavy atoms was 1.1 Å). A fit of the raf RA and ubiquitin structures based on an alignment of residues with identical secondary structure and a visual alignment resulted in an rmsd for Cα atoms of 1.46 Å. This alignment is also consistent with the alignment comparing the crystal structure of Raf RA and ubiquitin [24, 25] .
The alignment of sequence entropy profiles revealed positions of low entropy in both the designed and the natural RA sequences (Figure 3) . Qualitatively, there seemed to be a good correspondence between the observed sequence Research Paper Detecting the conservation of folding-nucleus residues Michnick and Shakhnovich 243 position entropy in the designed ubiquitin or raf sequences and the natural RA sequences, particularly in the N and C termini. It is important to note, however, that the goal of our analysis was to identify only those sites for which there is low entropy in both designed and natural sequences; it is not the goal to demonstrate a correlation between natural and design sequence entropies at each residue position. At sites for which there was a correlation of low entropies we tested whether or not these met the other criteria to be potential nucleation sites; that is, are they conserved in both raf and ubiquitin and do they make native contacts (i.e. contacts to other residues within 4.5 Å) with at least one of the other conserved sites? Based on these analyses we could identify seven potential sites. These included residues 3, 5, 15, 17, 30, 67 and 69. An analysis of these sites by type and structural environment of the proteins revealed two things. First, all these residues participate in the hydrophobic core of both proteins. Second, the residues are represented by either aliphatic or aromatic residues in the designed or RA sequences, but not necessarily of the same class in both design and RA sequences (Figure 4 ). Have we simply demonstrated that the hydrophobic core of these proteins is conserved? We think not; if this were true, then we should be able to see a correlation between design and RA sequences for all core residues. Assuming that core residues will be well packed and will therefore have a low surface A breakdown of residue-type frequencies in designed, ubiquitin-aligned and raf-aligned sequences.
Residue frequency (range 0-100%) accessibility, we examined the correlation for the three proteins ( Figure 5) . We see that all the potential nucleation residues have among the lowest surface accessibility and are therefore part of the hydrophobic core; these represent less than half of the residues in the core, however (for example, seven out of 16 sites in raf and ubiquitin).
With regards to the issue of the classes of residues observed in RA sequences versus those predicted by the design simulations, the common substitution we see, aliphatic for aromatic (and vice versa), is a conservative one (Figure 4 ). To test how robust our procedure is for detecting specific features, we also analyzed sequence entropies at the level of four-letter and six-letter codes. This accomplishes two things. First, if the correlations we make are merely coincidental, then when we reduce the complexity of the sequence space so that the sequence homology increases we should see more and more correlations between sequence and design entropies. We chose two levels of residue code simplification: a six-letter code and a four-letter code. The six-letter code divided the residues into six groups: aliphatic (Leu, Ile, Val and Met), aromatic (Phe, Tyr and Trp), small and polar (Ala, Gly, Ser, Thr, Asn and Gln), basic (His, Lys and Arg), acidic (Asp and Glu) and cysteine. Cysteine was treated as a separate group because of its possible involvement in disulfide bonding; this may not be relevant here, however, because raf and ubiquitin are both intracellular proteins and because neither is involved in oxidation-reduction reactions, it is unlikely that the conservation of cysteines would reflect any functional involvement of such residues. The four-letter code is a simplification of the sixletter code in which aliphatic and aromatic classes are grouped together and cysteine is added to the small and polar group. The results of our analysis with the fourletter and six-letter codes were surprising and opposite to expected. The number of sites with low entropy correlation Research Paper Detecting the conservation of folding-nucleus residues Michnick and Shakhnovich 245 in designed and aligned RA sequences actually decreased in some cases for both ubiquitin and raf ( Figure 6 ). The reason for this paradoxical result is that although there is an overall decrease in entropy going from the 20-to six-to four-letter code, the contrast between low and high entropy sites becomes more defined. This is because the distribution of entropy values is much broader at the level of the 20-letter code than it is at the level of the six-letter code. For example, imagine that at a particular sequence position, all the substitutions are hydrophobic residues, but the numbers of each type of residue are equally represented. It might not be possible to distinguish this case from one in which there are several different types of residue substitutions, such as hydrophobic and small polar types, but with a more narrow distribution than the first case. At the six-letter code level, however, at the position for which substitutions were equally represented, all residue substitutions will have an entropy of zero, but the other site will have a positive entropy.
Comparisons of designed and RA sequences may reveal sites important to the stability of protein superfamilies or unique to a single member
We have identified seven sequence positions common to ubiquitin and raf that meet our criteria as being participants in the folding nucleus. There are clearly other positions that show either a high correlation between designed and RA sequence entropies, however, either in one of the proteins or both (Figures 2, 3 and 6 ). These are not residues that are likely to participate in the folding nucleus because they do not make native contacts with other nucleus-forming residues. Furthermore, they do not serve any functional role. These residues may be involved in the stability of the native state; that is, for the 'design' of these folds. An example is Phe4 in ubiquitin and the corresponding Arg5 in raf (the same site is also identified in ferredoxin, discussed below). They may, however, be involved in stabilizing the native structure of these proteins through the formation of surface clusters of interacting amino acids [46] . The reason that these positions are conserved may have to do with their positions in the structures. In both ubiquitin and raf this residue is located in the first and central strand of the β sheet (lower part of Figure 1a,b) . It has already been noted that such central strand positions are important for the stability of β sheet proteins and attempts to develop indices of β sheet 'propensities' for residue types have concentrated on studying mutations at such sites and the effects of intra-strand and inter-strand substitutions on protein stability [47] [48] [49] [50] . Our results suggest that the conservation of this position is crucial to the stability of the ubiquitin/raf fold, but not necessarily to its folding kinetics. It is useful to note that our analysis can reveal such details of fold design and may prove useful in this respect for other folds. There are positions that are conserved in the RA sequences that show a low entropy in design for one protein but not the other. A good example is Leu47 of raf. This site is also a surface residue associated with a long loop found in raf, but not ubiquitin, and participates in a surface hydrophobic cluster in the raf structure.
Thus, it appears that the analysis we have presented here may be useful not only to interpret sequence data to identify residues that participate in the folding nucleus, but also to identify residues that may contribute to the stability of a specific fold type or even positions uniquely important to a member of a superfamily.
Extension of analysis to other superfamily members
We have extended our analyses to the rest of the proteins represented in the ubiquitin superfamily, including the Figure 1d ,e), the streptococcal protein G B1 IgGbinding domain [52, 53] , ferredoxin 1 from Anabaena 7120 [54] , aldehyde oxidoreductase from Desulfovibrio gigas [55] , toxic-shock syndrome toxin-1 from Staphylococcus aureus [7] , enterotoxin B superantigen from S. aureus [56] and putidaredoxin from Pseudomonas Putida [57] . These proteins are topographically related to ubiquitin and raf in that the order of secondary structure elements and positions in their structures are identical; they are all of different polypeptide lengths than ubiquitin and raf, however. We examined the structure and sequence alignment for these proteins. We found no sequence relationship between the two IgG-binding domains and raf and ubiquitin beyond the topological features. These proteins are structurally quite different from raf and ubiquitin in respect to their dimensions, lengths of secondary structural elements and the orientations of these elements relative to each other. We were able to align the sequences of all other members such that a similar alignment of sequence homologies was possible ( Figure 2 ). For example, ferredoxin 1 has topological features and dimensions of structural elements similar to raf and ubiquitin ( Figure 1 ). Ferredoxin 1 also has the same pattern of sequence identities as ubiquitin and raf; that is, an alignment of secondary structural elements between ubiquitin and ferredoxin results in a simultaneous alignment of structural features, as well as alignment of the residues that we identified in our comparison between design sequences and natural sequences ( Figure 2 ). We were able to identify these weak sequence and structural correlations in spite of the fact that these proteins contain several additional structural elements. It should be noted that at some of the potential nucleus sites, the residue types represented in the superfamily members are not necessarily of the same types as observed in ubiquitin and raf. For instance, at residue 69 of ubiquitin, the corresponding substitution in ferredoxin 1 and putidaredoxin is a threonine instead of an aliphatic residue. Although these substitutions represent a different class of amino acid, the threonine sidechain nevertheless contacts other nucleus residues through its γ-methyl. We make this point to reinforce the idea that it is not the type of residue in an individual sequence that identifies it as a potential nucleation site, but rather the overall tendency to observe conservation at this site when many sequences are compared. It is also possible that the position of a nucleus residue in the sequence and the possible interactions that can occur in the folding nucleus, rather than a specific type, are more important in determining whether a residue participates in the folding nucleus. To determine if the same analysis we performed on raf and ubiquitin would result in the same prediction of potential nucleation sites, we performed sequence-design simulations on ferredoxin (PDB code 1frd) as for ubiquitin and raf and performed the same analysis ( Figure 6c ). As can be seen, the residue positions that correspond to those identified in ubiquitin and raf as potential nucleus sites are also identified in ferredoxin. In addition, the key surface residue noted above, Phe4 in ubiquitin and Arg5 in raf, is also detected: Arg6 in ferredoxin.
These results suggest that the analysis presented here may be useful for detecting superfamily members in sequences of proteins where the structure is unknown. This could be achieved by introducing additional restraints via 'anchoring' conserved residues to the nucleus of the scaffold structure through which a sequence is threaded. The fact that it distinguishes structures that are only superficially related (i.e. the IgG-binding domains) from a truly related protein may make this analysis a useful method for subdividing superfamilies. This begs the question of how proteins with similar topology, in this case the IgG-binding domains, are related to the other members if there is no apparent relationship at the sequence level. It may be that some other relationship does exist and we are investigating this.
Structure and sites of conserved residues
We examined the positions of conserved, potential nucleus residues in ubiquitin, raf and ferredoxin 1 (upper part of Figure 1a ,b,c, respectively). All but one of these sites are located in the five-stranded β sheet in the central three strands. All the residues make at least one contact with another site. All the residues are also part of the hydrophobic core of the native structure. If these residues are those that participate in the folding nucleus then one might imagine a transition-state structure in which the central strands of the β sheet along with the helix, formed or not, are tethered to this structure. The nascent sheet may then form a scaffold for the condensation of the rest of the sheet and the helix around it. In addition, the design site (Phe4, Arg5 and Arg6 in ubiquitin, raf, and ferredoxin 1, respectively) could aid in stabilizing the nascent sheet by acting as a central scaffold on the outer surface of the sheet during condensation. Studies of site-specific β-sheet amino acid propensities have concentrated on such central regions of the sheet. As noted above, two groups have studied the effects of central β-sheet amino acid substitutions on the stability of the streptococcal protein G B1 IgG-binding domain [47] [48] [49] [50] . It was found that the stability of the proteins to thermal denaturation was dependent on the types of substitutions that were made on the same or adjacent strands. The propensity of an amino acid to be found in a β sheet depends on the residues that will be its immediate neighbors in the final native structure. Also of note, is that there is only one potential nucleus residue in the α helices of ubiquitin, raf and ferredoxin 1, the only other major region of secondary structure in the protein. These results may suggest that the formation of the helix during folding is independent of nucleation and instead, is directed to its native structure by the local secondary structure propensity of the sequence and template-assistance by the β sheet. An interesting study on the protein G B1 domain has demonstrated that the native-helix region can be replaced with a 'chameleon' sequence with mixed propensity for both helix and β-strand formation. Replacing the native helix or a β strand with the chameleon peptide resulted in a native structure identical to the wild-type protein, demonstrating that secondary structure in these regions is context dependent [58] . It would be interesting to see if similar such substitutions could be made in ubiquitin, raf and ferredoxin.
A comparison of designed and highly homologous sequences does not allow for the distinction of uniquely conserved residues in ubiquitin and ferredoxin I
As noted above, for our procedure to work, we must choose natural sequences that are likely to fold to the same structure as our superfamily, but are not so homologous that we cannot distinguish a nucleus composed of residues conserved for functional or design reasons. To illustrate this problem we examined sequence alignments for evolutionarily related ubiquitin and ferredoxin sequences; that is, those having > 50% identity and therefore likely to have identical folds [1, 59] ; a list of alignments for raf was not available. These sequences were extracted from the HSSP sequence database. The HSSP files also contain calculated position residue entropies, calculated as described below and in [59] . Among these sequences the average sequence identity was very high (76%, averaged over all sequences for the 20-letter code for ubiquitin and 54% for ferredoxin).
When we performed the comparison of designed and natural sequences we found a very high correspondence of low-entropy sites ( Figure 7) . In fact, if we examine all four-, six-and 20-letter code correlations we find that all lowentropy sites in the natural sequences are predicted by the design simulations. These results suggest that the design simulations are effective at predicting the conservation of residues in natural, evolutionarily close sequences, as has been demonstrated before [12] . The high levels of residue identity and similarity among evolutionarily close sequences, however, make it impossible to distinguish the conservation of unique common residue positions from those that are conserved simply because they have not had the time to diverge.
Discussion
A key question in asking how proteins fold and how folds are conserved despite the evolution of protein sequences, is what information in a sequence must be conserved to ensure that it will fold to a particular structure? A result of nucleation-growth theory is that a minimum requirement is the conservation of the transition-state nucleus itself [12] . Mutation of residues in these nuclei would ultimately result in sequences whose free-energy barrier for folding would be increased to a point at which they are no longer biologically viable; alternatively, a sequence could evolve a different nucleus, resulting in a different fold. In either case, it is central to nucleation-growth that nucleusforming residues are conserved; that is, folds themselves may evolve upwards or laterally towards other folds. The identification of such sites in a sequence would be a useful indicator of whether a sequence folds to a particular class of three-dimensional structure. Here, we have demonstrated that three proteins with identical folds retain the conservation of key residues despite a very low (10%) sequence identity, and that these sites may be predicted with the sequence-design strategy discussed here. We also showed that the results are specific, in that proteins having superficially similar, but not identical folds, do not show the same patterns of sequence identity. These results have immediate practical use as well as being interesting in themselves. Attempts to assign a particular fold to a novel protein sequence, in the absence of high sequence homology to any known structure, may be possible using a combination of secondary structure prediction and the use of a threading algorithm as is currently done. We propose that an additional step would be to perform a sequence design simulation for a particular fold, and perform a comparison of design and highly diverged natural sequence entropies to identify potential folding-nucleus residues.
Our strategy in this work was to infer the possible nucleation sites for ubiquitin and related protein folds using evolutionary information and sequence design. This approach could allow us to avoid the formidable task of simulating complete folding of these proteins. A previous application of related ideas [12] helped in the prediction of nucleus residues in CI2. Alternative approaches have been proposed by Shoemaker et al. [60] , to study the distribution of contacts in the transition-state ensemble, that agree reasonably well with previously published experimental results for CI2. The main idea of the approach presented in [60] is to search for stronger and entropically least costly contacts in constrained simulations. To this end, the results may be sensitive to parameters used and other possible constraints in the simulations. It would be interesting to explore this approach further to see if it is able to generate successful prediction of nucleation sites for other proteins, including ubiquitin, for which the nucleus has not been experimentally characterized.
Another consequence of our results is a suggestion to use the information in this study as an experimental design criterion. Attempts to design sequences that fold to a particular structure from partially random sequences have been shown to be successful, even with very minimal bias, such as a two letter (hydrophobic, hydrophilic) code [61, 62] . It would be interesting to see the effect of generating semirandom oligonucleotide libraries biased to code for the nucleus of a particular fold, and examine whether or not such a fold is indeed achieved. Rational engineering efforts have recently resulted in transmutation of one fold into another, in which the original sequence was altered by only 50% [63] . Our results suggest that significantly fewer substitutions could be made, resulting in sequences in which perhaps only 20-30% of the sequence was altered if one started with sequences that were already minimally different and key substitutions of nucleus and design residues were made. Efforts in this direction are in progress and will be reported elsewhere.
We have used the expression 'nucleus-forming' residues throughout this article as being equivalent to sequence positions of low entropy detected in sequence design simulations and in natural sequences. It must be made clear, however, that such observations do not prove that such residue positions do take part in the folding nucleus. Sitedirected mutagenesis, combined with kinetic studies of raf, ubiquitin and ferredoxin folding will be necessary to establish whether or not specific residues identified in these studies participate in the folding nucleus. These studies are now in progress.
Materials and methods
The design procedure has been described in detail elsewhere [42, 43] . It is a stochastic (Monte-Carlo) optimization routine in sequence space that keeps amino acid composition unchanged. It minimizes the energy of the native conformation, based on calculation of a contact potential defined in Equation 1. The condition of constant amino acid composition makes it equivalent to optimizing the relative energy of the native state, or Z-score. As is characteristic of Monte-Carlo searches, unfavorable mutations can also be accepted, with a small probability, given by a Metropolis criterion with selective temperature T sel .
The sequence alignment of raf with RA domain sequences was taken directly from Ponting and Benjamin [5] . Alignments of ubiquitin and ferredoxin 1 with the RA sequences were first based on superposition of their structures (PDB codes 1ubi and 1frd; [25, 54] ) with that of raf determined by NMR (PDB code 1rfa; [27] ). The superposition was optimized to give the minimal rms atomic deviations (cutoff 2.0 Å) of backbone atom positions using the program DALI [64, 65] , and the alignments were then checked visually. The sequence alignments of ubiquitin and ferredoxin to raf were then made and alignment was made to the RA sequences based on the superposition of the ubiquitin and ferredoxin alignments to raf and the raf alignment to the RA sequences. These were then visually inspected to see if further adjustments could be made. The only sequences that needed further visual adjustments were those of the ferredoxin family. Here, two alternative structural alignments of the ferredoxin helix are possible. This was because these structures have three turn helices compared with raf and ubiquitin, which have four turn helices. Of the two alignments, we found that the DALI-based alignment placed the first helical turns of ubiquitin/raf and the ferredoxins in the same place, whereas we found that the optimal amino acid sequence alignment was that with the first helical turns of ubiquitin/raf matched to the positions of the second helical turns in the ferredoxins.
Alignments of the IgG-binding domain structures [51] [52] [53] [54] [55] [56] [57] with raf failed to show adequate superposition to meet the cutoff condition, nor were alignments of the sequences with that of raf based on secondary structure alignment successful.
Sequence entropies were calculated as for the designed sequences using Equation 2 [59] . The six-letter code was classified by six groups: aliphatic (Val, Ile, Leu and Met), aromatic (Phe, Trp and Tyr), small and polar (Ala, Gly, Pro, Ser, Thr, Gln and Asn), basic (His, Lys and Arg), acidic (Asp and Glu), and cysteine. The four-letter code is the same as the six-letter code, except that the hydrophobic and aliphatic classes were combined and cysteine was grouped with the small polar class.
Alignments and sequence entropies for ubiquitin and ferredoxin sequences were extracted from the HSSP database as described in the Results section. Four-letter and six-letter code entropies were calculated from sequence residue frequencies contained in these files using Equation 2.
Solvent surface accessibility was calculated using the program DSSP [66] . 
